The performance of multidimensional spatially selective radiofrequency (RF) pulses is often limited by their long duration. In this article, high-order, nonlinear gradients are exploited to reduce multidimensional RF pulse length. Specifically, by leveraging the multidimensional spatial dependence of second-order gradients, a two-dimensional spatial-spectral RF pulse is designed to achieve three-dimensional spatial selectivity, i.e., to excite a circular region-of-interest in a thin slice for reduced fieldof-view imaging. Compared to conventional methods that use three-dimensional RF pulses and linear gradients, the proposed method requires only two-dimensional RF pulses, and thus can significantly shorten the RF pulses and/or improve excitation accuracy. The proposed method has been validated through Bloch equation simulations and phantom experiments on a commercial 3.0T MRI scanner. Magn Reson Med 69:503-508, 2013.
INTRODUCTION
Multidimensional spatially selective radiofrequency (RF) pulses have wide applications in MR imaging and spectroscopy, which include B + 1 inhomogeneity correction (1, 2) , recovery of susceptibility-induced signal loss (3, 4) , localized MR spectroscopy (5) , and reduced field-of-view (FOV) imaging (6) (7) (8) . A key limitation of multidimensional RF pulses is their long duration needed to traverse the multidimensional excitation k-space. Recently, parallel excitation techniques have been proposed to shorten multidimensional RF pulses (9, 10) , although parallel excitation hardware is not yet widely available on commercial MRI scanners.
High-order, nonlinear gradients are another powerful tool that can be exploited to shorten multidimensional RF pulses. Cho and workers first proposed to use pulsed second-order gradients and frequency-selective RF pulses for localized volume excitation (11) (12) (13) . This method requires only two one-dimensional RF pulses to excite a circular region-of-interest (ROI) in a thin slice for reduced FOV imaging. However, this method is limited to spinecho sequences and difficult to be extended to multislice imaging. More recently, PexLoc (parallel excitation using localized gradients) has been proposed to use time-varying high-order gradients for multidimensional RF pulse design (14, 15) . In PexLoc, conventional multidimensional RF pulse design methods are extended to the case of nonlinear, nonbijective spatial encoding fields, and parallel excitation is used to resolve the inherent encoding ambiguities of such encoding fields. Potential advantages include locally increased spatial resolution (14, 16) , faster switching time of high-order gradients, and thus shorter RF pulses (15) . However, the PexLoc method requires strong and fast-switching high-order gradient fields, which are not available on commercial MRI scanners (17, 18) .
In this work, we propose a new method to leverage the multidimensional spatial dependence of second-order gradients to design multidimensional RF pulses for reduced FOV imaging. In the proposed method, a spatial-spectral pulse provides a spatial selectivity in the slice direction as well as a spectral selectivity that is transferred into a spatial selectivity by the spatial dependence of the resonance frequency introduced by the second-order gradients. As a result, 3D spatial selectivity (a circular ROI in a thin slice) is achieved by a 2D spatial-spectral RF pulse in the presence of second-order gradients, which can significantly shorten RF pulses and/or improve excitation accuracy compared with conventional methods using 3D RF pulses and linear gradients.
METHODS
In source-free regions, magnetostatic fields are governed by the Laplace equation (19) :
where B z is the z component of the magnetic field. Mathematically, gradient fields (or gradients) are solutions of the Laplace equation in the form of spherical harmonics. The first-order solutions are linear gradients. The secondorder solutions/gradients are usually given in the following forms:
, xy , yz, and xz, [2] which can be available either from specially designed second-order gradient coils (17, 18) or more often from second-order shim coils on commercial MRI scanners (20) . The Laplace equation limits the choice of a desired nonlinear gradient. For instance, a hypothetical gradient in the form of x 2 + y 2 along with a frequency-selective RF pulse would excite a pencil beam. However, such a field does not satisfy the Laplace equation. In the following, we describe a new method to use second-order gradients and spatial-spectral pulses to excite a circular ROI in a thin slice for reduced FOV imaging. The basic idea of the proposed method can be illustrated through the following example. Suppose that the target excitation pattern is a circular ROI of radius R in a thin slice of thickness d with a 30
• flip angle:
To achieve such an excitation pattern, the conventional approach is to use 3D RF pulses and time-varying linear gradients to cover the 3D excitation k-space, along, for example, spoke trajectories (1,2), which could result in long pulses. In the proposed method, a constant second-order gradient in the form of z 2 − (x 2 + y 2 )/2 (Z2 gradient) is applied during excitation. Such a Z2 gradient establishes a unique relationship between resonance frequency and spatial location (shown in Fig. 1a) . Notably, in the target slice (|z| ≤ d 2 ), the resulting excitation pattern of a frequency selective RF pulse is a circular region, and the radius of which (R) can be controlled by the bandwidth of the frequency selective RF pulse (BW ):
where G Z2 is the magnitude of the Z2 gradient. Equation [4] is valid if the radius of the excitation region is much larger than the slice thickness, i.e., R d, which is valid for most reduced FOV imaging applications. However, using the frequency-selective RF pulse and the Z2 gradient alone also results in undesired excitation outside the target slice as shown in Fig. 1b . This problem is overcome in the proposed method using the simultaneous frequency and slice selectivity of a 2D spatial-spectral RF pulse as shown in Fig. 1c . Therefore, by leveraging the unique spatial dependence of the Z2 gradient, a 2D spatial-spectral pulse can achieve 3D spatial selectivity! This dimension reduction means that, with the same pulse length and the same slice selection specification, the proposed method can achieve larger excitation k-space coverage than the conventional methods using 3D RF pulses and linear gradients, which can lead to shorter pulses and/or better excitation accuracy compared with the conventional method.
We next describe the design of the proposed pulse that consists of a spatial-spectral RF pulse, an oscillating linear gradient in the slice-selection axis (z axis), and a constant Z2 gradient, as illustrated in Fig. 2a . First, we express the waveform of the spatial-spectral pulse as (21, 22) : [5] where b spat (t) is a chain of subpulses used for slice selection, and b spec (t) describes the envelope of the spatialspectral pulse and defines its spectral response. Note that the above design equation is based on small-tip angle approximation (23) , and thus has the same well-known limitations of small-tip angle pulses. Second, we propose to determine the amplitude of the Z2 gradient G Z2 , the oscillating gradient G z (t), and the RF pulse waveform b 1 (t) based on the following considerations/procedures:
1. The oscillating gradient G z (t) of period T and the slice-selective subpulse of b spat (t) (e.g., a sinc/Shinnar-Le Roux pulse) are designed using the conventional method to select the desired thin slice
The excitation pattern of the spatial-spectral pulse has a periodic pattern separated by 1 T along the frequency axis (shown in Fig. 2b ). To avoid exciting the replicates, the amplitude of the Z2 gradient is chosen to satisfy the following relation:
where
2 is the maximum resonance frequency offset of the imaging object of radius L in the selected slice, BW = − γ|G Z2 |R 2 is the bandwidth of the spectral-selective pulse envelope b spec (t) for exciting a circular ROI of radius R, and f rep = 1 T is the position of the center of the first excitation replicate that has width approximately equal to BW. While satisfying Eq. [6] , a stronger secondorder gradient allows higher time-bandwidth-product of the spectral-selective pulse envelope b spec (t), which can improve the in-plane spatial resolution and/or shorten the proposed RF pulse. 3. The spectral-selective pulse envelope b spec (t) (e.g., a sinc/Shinnar-Le Roux pulse) of length N ×T (resulting in an oscillating gradient of N periods) is designed to define a spectral response of bandwidth BW. The RF pulse b 1 (t) is then calculated using Eq. [5] .
The discussion so far is focused on exciting a circular ROI in the center of the FOV. Shifting the excitation pattern to an arbitrary position can be done using a combination of first-order and second-order gradients plus frequency offset. Specifically, to excite a circular ROI centered at (x 0 , y 0 ) in a thin slice at z 0 (|z − z 0 | ≤ d 2 ), we can use the following gradients:
The oscillating linear gradient remains the same with added frequency modulations of the subpulse b spat (t) (24) . The design procedure discussed above follows. More generally, it can be shown that an elliptical ROI at an arbitrary location in an oblique slice can be excited with an appropriate combination of frequency offset, three linear and five second-order gradients (12, 20) .
RESULTS
The proposed method has been validated using Bloch equation simulations and phantom experiments. In the Bloch equation simulation study, we used the proposed method to design an RF pulse (shown in Fig. 2a ) that excited a thin disk of 6-cm radius and 0.7-cm thickness in a cylindrical phantom of 15-cm radius with a 30
• flip angle (shown in Fig. 3a) . The slice-selection gradient waveform was an oscillating triangular waveform of 13 periods, resulting in a 12.8 ms RF pulse. The maximum amplitude and the maximum slew rate in the slice-selection gradient design were chosen to be 50 mT/m and 200 T/m/s, respectively. The slice-selective subpulse was a sinc pulse of a timebandwidth-product of 3. The magnitude of the Z2 gradient was 0.9 mT/m 2 . The spectral-selective pulse envelope was chosen to be a linear-phase Shinnar-Le Roux pulse of 138 Hz bandwidth and with 0.1 ripples in the passband and 0.01 ripples in the stopband. For comparison, a conventional RF pulse using spoke trajectory was designed using a recently proposed method that jointly designed the RF pulse and the spoke locations (25) . The time-bandwidthproduct of the slice-selective subpulse was also 3. Twenty four spokes were chosen in a 32× 32 k-space grid, resulting in a 12.8 ms RF pulse.
The accompanying Z2 gradient is shown in Fig. 1a , and the proposed RF pulse is shown in Fig. 2a . Good slice selectivity was achieved as shown in the excitation pattern of the proposed pulse in the x − z plane (Fig. 1c) and in the z − f plane (Fig. 2b) . The in-plane excitation profile is shown in Fig. 3 . Compared to the conventional RF pulse using spoke trajectory (Fig. 3b) , an excitation pattern of much sharper transition on the edge of the circular ROI and smaller side lobes (especially near the object boundary), was achieved by the proposed pulse (Fig. 3c) . The impact in the transition bands can be better seen in the excitation profile plot in Fig. 3d . The through-plane excitation profiles of both methods (results not shown) are very close to each other, as the same slice-selective subpulses were used.
A preliminary experimental study of the proposed method was carried out on a 3.0 T GE whole-body MRI scanner. As the scanner was not equipped with the capability to dynamically adjust the Z2 gradient strength, the proposed pulse was implemented using a static Z2 gradient, which was controlled by changing the shimming current value. To calibrate the Z2 gradient strength, B 0 mapping was performed using a multislice gradient-recall echo sequence. For a given shimming current value, the measured B 0 map was fitted using a field model with up to second-order gradient terms. Although spin-echo imaging would be better for reducing the effects of the static Z2 gradient during data acquisition, we chose an echoplanar imaging sequence for our experiments because the sequence has a built-in spatial-spectral RF pulse (that was originally designed for fat suppression at 3.0 T). An imagedomain postprocessing method (26) with the B 0 map as input was used to reduce the distortions of the echoplanar imaging images caused by the Z2 gradient and the background B 0 inhomogeneity.
The Z2 gradient strength used in the experiments was 0.7 mT/m 2 , whereas the maximum available Z2 gradient of the scanner was about 2.0 mT/m 2 . The parameters of the spatial-spectral pulse used in the experiments were: pulse length 9 ms, main-lobe bandwidth 400 Hz, positions of the first excitation replicates ±800 Hz, and slice thickness 8 mm. The radius of the resulting excitation pattern was 11.5 cm. The position of the first excitation side lobe was at r = 23.1 cm. The imaging FOV was 48 cm × 48 cm. The experiments were carried out using a phantom consisting of nine tubes containing copper sulfate. Figure 4 shows the experimental results with and without reduced FOV excitation, respectively, which demonstrate that reduced FOV excitation was successfully achieved.
DISCUSSION
Through Bloch equation simulations and phantom experiments on a commercial MRI scanner, we have demonstrated that a second-order gradient can be used along with a spatial-spectral RF pulse to excite a circular/elliptical ROI in a thin slice. By taking advantage of the unique multidimensional spatial dependence of second-order gradients, we can effectively reduce the RF pulse length required to achieve multidimensional selectivity. Compared to the PexLoc method described in (14, 15) , which uses secondorder gradients as strong as linear gradients, the proposed method requires only relatively weak second-order gradients. Our preliminary experimental studies demonstrate that reduced FOV excitation can be achieved using secondorder gradients readily available on a commercial MRI scanner without requiring specially designed second-order gradient coils and/or amplifiers. However, stronger secondorder gradients would make it possible to excite smaller ROIs, increase spatial resolution, and/or shorten the pulse using the proposed method. This is because, for a given pulse length, stronger second-order gradients increase the time-bandwidth-product of the spectral-selective pulse envelope, thus leading to better in-plane spatial selectivity of the proposed pulse.
The unique spatial dependence of second-order gradients is especially suitable for exciting a circular/elliptical ROI. In conventional reduced FOV imaging, 2D RF pulses are designed to excite a rectangular ROI that limits the FOV in the slice and phase-encoding directions (6) (7) (8) . The FOV in the frequency-encoding direction can be reduced by changing the cutoff frequency of the lowpass filter in the receiver chain. Although the rectangular FOV is desirable for Cartesian sampling trajectories, the circular/elliptical FOV achieved by the proposed method is more suitable for non-Cartesian sampling trajectories, e.g., radial, spiral, and PROPELLER (27) trajectories. Recently, a multicoil technique has been proposed to generate more complex gradients that are beyond second-order gradients through a set of circular individual coils (28, 29) . When combined with the multicoil technique, the proposed method can excite more flexible ROIs.
Note that the second-order gradient will also introduce phase dispersion among the spins in the excited region. If the second-order gradient is fully controllable, the problem can be easily addressed by adding a rephasing second-order gradient lobe after excitation (as is done in conventional slice selective gradients). If the second-order gradient is static (stays on for the entire imaging period), which is the case for current commercial MRI scanners, it can be treated as an additional term of background B 0 inhomogeneity. Its major effects will be in-plane image distortion, which could be mitigated using large readout gradient and be corrected by B 0 inhomogeneity compensation techniques (26, 30) and gradient nonlinearity compensation techniques (31) .
CONCLUSIONS
This article presents a new method to design RF pulses for reduced FOV excitation using second-order gradients and spatial-spectral pulses. By leveraging the unique multidimensional spatial dependence of second-order gradients, the proposed method achieves 3D spatial selectivity, i.e., a circular/elliptical ROI in a thin slice, using a 2D spatialspectral RF pulse. The proposed method is validated using Bloch equation simulation, which shows that the RF pulse dimension reduction achieved by the proposed method can lead to significantly improved excitation accuracy and/or much shorter pulses compared with conventional 3D RF pulses using linear gradients. Preliminary experimental results further demonstrate that with second-order gradients readily available on a commercial MRI scanner, reduced FOV excitation can be successfully achieved using the proposed method.
